Introduction
Colorectal cancer (CRC) is a very common malignancy and responsible for a large fraction of cancer deaths (Weitz et al., 2005) . Most CRCs are caused by aberrant Wnt signaling that fuel excessive cell growth through increased activity of growth-stimulating genes while keeping negative growth regulators (for example, FOXO3A, DAPK2, HATH1 and CDKN1A/p21) in check through direct and indirect mechanisms (van de Wetering et al., 2002; Tsuchiya et al., 2007; Dehner et al., 2008; Li et al., 2009) . The widespread effects on gene expression imposed by the Wnt signaling pathway is initially executed by the bipartite transcription factor complex beta-catenin/TCF that recruits numerous auxiliary co-regulators to achieve activation or inhibition of target gene promoters in an often context-dependent manner (van de Wetering et al., 2002; Theisen et al., 2007; Blauwkamp et al., 2008; Cselenyi and Lee, 2008; Vlad et al., 2008; Railo et al., 2009) . Interestingly, recent studies have hinted at the tantalizing possibility that microRNAs (miRNAs), often functioning as negative posttranscriptional regulators (Filipowicz et al., 2008) , are also embedded in the Wnt signaling network. Among the first connections between Wnt signaling and miRNAs, was the observation that impairment of Wnt signaling in Drosophila melanogaster fly larvae led to increased activity of the bantam miRNA (Brennecke et al., 2003) . The regulatory mechanism was not further defined, but a subsequent study suggested that it depended on modulation of Notch activity (Herranz et al., 2008) . In another developmental setting, ectopic stimulation of Wnt signaling in Xenopus laevis frog embryos led to decreased miR-15/-16 levels (Martello et al., 2007) . Levels of miR-29 family members were reported to increase during Wnt-induced differentiation of mouse and human osteoblast bone cells in vitro (Kapinas et al., 2009 (Kapinas et al., , 2010 , and miR-30e levels increased during differentiation of rat intestinal cells in a beta-catenin/TCF4-dependent manner (Liao and Lonnerdal, 2010) . In addition, Wang et al. demonstrated that reconstitution of APC activity affects miRNA levels in the APC mutant CRC cell line HT29 . Collectively, existing evidence supports the rationale that the Wnt targetome may be even more intricate than previously anticipated. Given the paramount importance of Wnt signaling in CRC carcinogenesis and the universal involvement of miRNAs in cancer (Croce, 2009; Slaby et al., 2009) , we wished to study the possible connection between Wnt signaling and miRNAs in the context of CRC.
Results
Inhibition of beta-catenin/TCF4 activity in CRC cells affects miRNA levels without host gene involvement To determine how miRNA levels in CRC cells may depend on beta-catenin/TCF4 activity, we assayed 664 human miRNAs by qPCR. The previously described doxycycline(dox)-inducible dominant negative (dn)TCF4 DLD1 cell line model was chosen for analysis (van de Wetering et al., 2002) . In this model, endogenous beta-catenin/TCF4 complexes are disrupted in the presence of dox due to the activation of dnTCF4 alleles (van de Wetering et al., 2002) . Indeed, addition of dox potently induced dnTCF4 mRNA with concomitant restriction of cell growth and inhibition of both artificial TCF reporter construct (TOPflash) and endogenous beta-catenin/TCF4 target MYC (Supplementary Figures S1A-D) . By comparing miRNA levels in cells with high Wnt activity (control cells not carrying dnTCF4 alleles) and low Wnt activity (dnTCF4 cells), we found 60 of 214 detected miRNAs to differ by at least twofold: 51 upregulated and 9 downregulated in dnTCF4 cells relative to control cells ( Figure 1a ; Supplementary Table S1 ). Next, we asked if these miRNA levels were likely to be altered as a consequence of transcriptional changes of overlapping host genes. The 60 dnTCF4-responsive miRNAs were encoded by 62 miRNA hairpins, and 47% (29 out of 62) of these was localized within a total of 26 host genes that is similar to the background frequency of 45% (315 out of 701) in miRBase v12 (Supplementary Table S2 ). By annotating miRNA host genes in a previously described microarray data set derived from dnTCF4-induced mRNA changes in the same cell model (Van der Flier et al., 2007) , we only found five host genes to show at least twofold change and four of these were in the same direction as their relevantly paired miRNAs, suggesting a synchronized production of both mRNA and miRNA species from a shared promoter (Figure 1b) . Overall, however, it appeared as if most dnTCF4-responsive miRNAs were not altered as a consequence of host gene expression, albeit differences in stability and processing kinetics may be responsible for some of the diverging patterns observed.
Correlation between TCF4 chromatin occupancy and dnTCF4-responsive miRNAs We next asked if there was a correlation between dnTCF4-induced miRNA changes and chromatin occupancy of beta-catenin/TCF4 complexes as inferred from published ChIP-chip data obtained in LS174T CRC cells and estimated to share 96% overlap in DLD1 cells (Hatzis et al., 2008) . Because the architecture of most miRNA transcriptional units is still unknown and TCF4s often seem to work by symmetrically located distal ( ± 10 to 100 kb) enhancer elements (Hatzis et al., 2008) , we searched for experimentally validated TCF4 binding sites (n ¼ 6868) within a 200 kb window centered on the miRNA hairpin ( Figure 1c ; Supplementary Table  S3) . In all, 35% (242 out of 701) of all hairpins was located within 100 kb of at least one TCF4 site, and 5% (38 out of 701) near multiple (at least three) TCF4 sites (Figure 1d ), which is a hallmark of many protein-coding genes directly regulated by beta-catenin/TCF4 (Hatzis et al., 2008) . Of the 60 dnTCF4-responsive miRNAs, 29 miRNAs (encoded by 28 hairpins) were in proximity of at least one TCF4 site, including miR-30e-3p (also known as miR-30e*), the promoter of which is regulated by beta-catenin/TCF4 complexes (Liao and Lonnerdal, 2010) . Six miRNAs (encoded by seven hairpins) were each in proximity of at least three TCF4 sites, including miR-29b and miR-29a*, encoded by the Wnt-responsive miR-29 loci (Kapinas et al., 2009 (Kapinas et al., , 2010 Wang et al., 2009) (Supplementary Table S4 ). From the repertoire of TCF4 sites within 100 kb of the Wnt-responsive miRNAs, we selected three TCF4-bound regions in proximity to the miR-126, miR-30e/c-1 and miR-29a/b-1 hairpins for independent validation using ChIP with a polyclonal TCF4 antibody in DLD1 cells (Figure 1e ). TCF4 binding was confirmed for the miR-30e/c-1 and miR-29a/b-1 hairpins, but not for the miR-126 hairpin (Figure 1f ). Altogether, these results suggest that some miRNAs may be under direct beta-catenin/TCF4 control with others being regulated by downstream effectors and/or depend on simultaneous inputs from additional factors (Labbe et al., 2007) . dnTCF4-responsive miRNAs are downregulated in CRC specimens and CRC cell lines Among the numerous miRNAs altered as a consequence of dnTCF4 overexpression, we noticed several of the upregulated miRNAs to have been previously associated with restriction of cancer cell growth (miR449a, (Henson et al., 2009; Noonan et al., 2009; Slaby et al., 2009; Chen et al., 2010; Ding et al., 2010; Ostenfeld et al., 2010) . Interestingly, in addition to prominent growth-inhibitory miRNAs commonly downregulated in CRC, such as miR-126 and miR-145 (Guo et al., 2008; Schepeler et al., 2008) , several miRNAs with unknown function in CRC cells (for example, miR-574-3p, miR-30e-3p and miR-139-5p) were also upregulated, which prompted us to hypothesize that some of these miRNAs may also be dysregulated in CRC. Accordingly, we examined miRNA expression using the same miRNA TaqMan platform in 46 primary stage II CRCs and 14 adjacent normal mucosa samples. Seven CRC cell lines were also included for comparison. Sixteen of the dnTCF4 upregulated miRNAs were significantly (Po0.05, Student's t-test, Benjamini-Hochberg correction) downregulated in CRC tissue relative to healthy mucosa (Supplementary Table S5 ), including miR-139-5p, miR-574-3p and miR-30e-3p (Supplementary Figure S2A) .
We then used individual TaqMan miRNA qPCR assays to determine the abundancy of these three miRNAs in an independent cohort of 30 CRCs relative to paired normal adjacent mucosa samples. In agreement with our initial findings, the levels of all the three miRNAs were reduced in the majority, but not all, of CRCs. Accordingly, for each miRNA, the average level in CRC tissue was significantly (Po0.05, Student's t-test) lower than that observed in the normal mucosa (Figure 2a ). To investigate if these three miRNAs were dysregulated as an early event in CRC carcinogenesis, we used qPCR to measure their abundancy in eight adenomas and paired normal adjacent mucosa samples. Although miR-139-5p and miR-30e-3p levels were reduced by at least 50% in 6 out of 8 and 4 out of 8 adenomas, respectively, this was only observed in one adenoma for miR-574-3p (Supplementary Figure S2B) , suggesting that this miRNA is preferentially dysregulated at later stages. Finally, to substantiate the responsiveness of these three miRNAs to dnTCF expression, we repeated the dox-dnTCF4 experiment and also included the previously described isogenic DLD1 cell line carrying doxinducible dnTCF1 alleles (van de Wetering et al., 2002) (Supplementary Figure S3) . TCF1 and TCF4 have nearly identical binding affinities in vitro, but differ in their regulation-selectivity of specific loci and by their in vivo expression patterns (Waterman, 2004; Gregorieff et al., 2005; Medici et al., 2008) . We also included the known growth-suppressive miR-145 and miR-126 miRNAs in the analysis, and found that all five miRNAs were upregulated to varying degrees following dnTCF1/4 expression although miR-30e-3p and miR-574-3p were preferentially regulated by dnTCF4 (Figure 2b ). Figure 1 The miRNA transcriptome is affected by inhibition of beta-catenin/TCF4 complexes through ectopic dnTCF4 expression. (a) dnTCF4-responsive miRNAs were identified by comparing miRNA levels in dnTCF4 cells to those in control cells after 24 h of growth in the presence of dox. Dashed lines indicate twofold thresholds (log2 scale). (b) Expression fold changes of dnTCF4-responsive miRNAs and overlapping host genes exhibiting at least twofold change (log2 scale). (c, d) Schematic representation and results of search strategy for miRNA hairpins within 100 kb of TCF4-bound chromatin regions originally identified using ChIP-chip by Hatzis (Hatzis et al., 2008) . (e) Schematic representation of TCF4-bound chromatin regions near selected miRNA hairpins. Other transcriptional units (protein-coding genes and so on.) were omitted for clarity. Triangles ¼ TCF4-bound chromatin regions. Red triangles ¼ TCF4-bound chromatin regions evaluated by ChIP and qPCR as reported in (f). Arrows ¼ direction of transcription. (f) Association of TCF4 with chromation at selected regions was determined by ChIP followed by qPCR. MYC 3 0 enh. ¼ positive control region; enhancer region located at 3 0 of the MYC gene and previously reported to be bound by TCF4 (Hatzis et al., 2008; Yochum et al., 2008) . Myo ex2 ¼ negative control region; exon 2 of the myoglobin gene not bound by TCF4 (Hatzis et al., 2008) . The CD58 antibody was used as a negative control antibody.
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Elevated levels of miR-30e-3p and miR-139-5p inhibit cell growth In contrast to miR-145 and miR-126, no impact on cellular behavior has previously been ascribed to miR-139-5p, miR-30e-3p and miR-574-3p in CRC cells. However, considering that they were upregulated following dnTCF1/4 expression together with numerous known growth-suppressive miRNAs and lowly expressed in CRC tissue and CRC cell lines, we reasoned that these miRNAs might restrict CRC cell growth at elevated levels. Because it is not technically feasible to antagonize such a large number of miRNAs following dnTCF4 expression, we opted for analyzing miRNA function by transfecting individual miRNA mimics into DLD1 control cells and assess cell viability. Efficient transfection was confirmed by qPCR ( Figure 3a ). As expected, miR-126 and miR-145 reduced cell viability (Guo et al., 2008; Schepeler et al., 2008) , and interestingly miR-139-5p and miR-30e-3p also inhibited cell viability in a dosage-dependent manner ( Figure 3b ). Restriction of cell growth was also evident in a detailed time course experiment (Figure 3c ). Three of the four growth-suppressive miRNAs also reduced cell viability of CRC HCT116 cells, with no effect by miR-139-5p (Supplementary Figure S4) . Although cell growth was suppressed by individual miRNAs, some combinations of miRNAs at low concentrations (5 nM) imposed a stronger inhibition of growth (Figure 3d ). Because many of the cancer-associated miRNAs identified to-date generally have roles in cancers from different organs, we speculated that the battery of growth-suppressive miRNAs identified in the context of CRC could also have relevance to other cancers. Bladder cancer seemed particularly relevant because miR-126, miR-145 and miR-30a-3p (only differing by one nucleotide from miR30e-3p) are downregulated in this disease, and miR-145 and miR-30a-3p have already been shown to inhibit bladder cancer cell growth (Ichimi et al., 2009; Ostenfeld et al., 2010) . Indeed, all four miRNAs suppressing CRC cell growth were also able to reduce cell viability of the bladder cancer cell line SW780 (Supplementary Figure S4) .
Increased miR-30e-3p activity induces widespread changes at the protein and mRNA level To learn more about the nature of miR-30e-3p function, we set out to explore miRNA target networks. We chose miR-30e-3p for a detailed analysis based on its association with the miR-30 family whose members are decreased in several cancer types, including CRC/ adenoma tissue as we have demonstrated, and also its responsiveness to altered Wnt signaling activity and its ability to inhibit cell growth. As proof-of-principle demonstrating miRNA-mediated mRNA destabilization, we first confirmed consistent downregulation of three known miR-145 targets (Supplementary Figure  S5 ) (Ostenfeld et al., 2010) . Because miRNAs may also exclusively affect translation, we detected miR-30e-3p-induced changes at the protein level using liquid chromatography-tandem mass spectrometry shotgun proteomics, whereas analysis of global mRNA dynamics were performed using expression microarrays. Putative targets, defined as mRNAs having 7mer-m8 seed matches (Baek et al., 2008; Selbach et al., 2008) within the 3 0 UTR (Untranslated Region), had a propensity for being generally more downregulated than mRNAs without such sites, and the average number of 7mer-m8 motifs per 3 0 UTR was enriched among downregulated mRNAs (Supplementary Figures S6A and C) . The same tendencies were also observed when analyzing the most robustly detected proteins (n ¼ 2021) (Supplementary Figure S6B and D). Widespread destabilization of seed-matched mRNAs was also evident when the putative target repertoire was expanded to include all mRNAs having 7mer-m8 motifs within the full length mRNA sequence in agreement with functional target sites also being located within open reading frames (Chi et al., 2009 ) (Supplementarys Figure S6E) . We noted that seed-matched target sites only to some extent lead to enrichment of downregulated mRNAs/proteins, which not only agrees with observations by others but also underscores the well-known challenges of computationally predicting functional miRNA sites (Baek et al., 2008; Selbach et al., 2008) . To identify miRNA targets likely to be directly repressed by miR-30e-3p, we first selected all targets being downregulated by minimum 40% and containing at least one 7mer-m8 seedmatched motif within the 3 0 UTR (the region most frequently targeted by miRNAs (Chi et al., 2009) ), resulting in a list of 32 unique potential protein/mRNA targets for miR-30e-3p (putative protein and mRNA targets are listed in Table 1 and Supplementary Table  S6 , respectively). From this list of candidate targets we selected PIK3C2A, WDR44 and HELZ. PIK3C2A and WDR44 were also detected by liquid chromatographytandem mass spectrometry and found to be downregulated À1.2 and À1.4 log2 fold change, respectively. In fact, PIK3C2A appeared to be primarily translationally blocked (À0.2 log2 fold change at mRNA level). Using qPCR, all three mRNAs were confirmed to be destabilized following transfection with miRNA mimics, albeit most pronounced for HELZ in agreement with predictions from the microarray data (Figure 4) .
Validation of putative direct miRNA targets using luciferase reporter assays To investigate if these putative targets were directly regulated by miR-30e-3p, we cloned selected regions of the three mRNAs containing the predicted miRNA target sites and evaluated their responsiveness using luciferase reporter assays. A search for the variant seedmatched motifs, 7mer-A1 and 8mer, known to often direct miRNA repression (Baek et al., 2008; Selbach et al., 2008) , increased the number of putative target sites considerably, and fragments spanning most of these additional motifs were included in the analysis 
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T Schepeler et al ( Figure 5a ). In fact, 7mer-A1 sites outnumbered 7mer-m8 sites in PIK3C2A and HELZ mRNAs (Figure 5b ; putative target sites in WDR44 are shown in Supplementary Figure S7 ). Fragments representing all three mRNAs were responsive with many fragments being highly efficient in mediating suppression by miR-30e-3p regardless of whether the fragment originated from the open reading frame or the 3 0 UTR (Figure 5c ). Of the three targets, we decided to focus on HELZ and PIK3C2A because, unlike WDR44, they have previously been implicated in cellular growth control (Hamamoto et al., 2004; Elis et al., 2008; Ng et al., 2009) . As a first step, we confirmed that the miR-30e-3p-mediated suppression of luciferase reporter activity was specific to this miRNA by showing that several other miRNAs, completely lacking seed-matched complementarity to the cloned sequences, were not able to impair luciferase reporter activity (Figure 5d ). In order to firmly establish that miR-30e-3p was directly responsible for the observed effects, we mutated the complementary seed sequence within all the putative target sites in a combinatorial manner (Figure 6a) . Interestingly, not only did mutation of most of the predicted target sites lead to a significant attenuation of miR-30e-3p repression but this analysis also revealed that dual sites within single fragments in most cases conferred varying degrees of repression (Figure 6b) . Thus, mutation of target site A in HELZ fragment 3 and target site B in PIK3C2A fragment 2 almost completely abolished miRNA repression, whereas individual mutation of the other target sites in the same fragments only modestly relieved repression by miR-30e-3p. Notably, both target sites in HELZ fragment 1 had to be mutated in order to achieve a significant attenuation of miR-30e-3p repression, and mutational inactivation of both target sites did not lead to complete restoration of luciferase activity. One likely explanation for the latter observation is the existence of a potentially functional 6mer target site positioned downstream of the other two target sites (Figure 6a ). In aggregate, these results are in agreement with a model where miR-30e-3p represses HELZ and PIK3C2A by several functional target sites within both the open reading frame and 3 0 UTR.
Downregulation of PIK3C2A is sufficient for inhibiting DLD1 cell growth
Recent work has shown that PIK3C2A propagates growth stimuli in cancer cells from different tissues (Elis et al., 2008; Ng et al., 2009) , and HELZ has indirectly been associated with proliferation by reportedly being part of a SMYD3-containing growth-promoting protein complex (Hamamoto et al., 2004) . Hence, we entertained the possibility that decreased PIK3C2A and HELZ levels were causally involved in restricting cell growth by specifically silencing PIK3C2A and HELZ in DLD1 cells using small interfering RNAs. Indeed, small interfering RNAs directed against PIK3C2A decreased mRNA levels and resulted in a dosage-dependent growth-inhibitory effect (Figures 6c and d) . In contrast, cells remained unaffected when HELZ was silenced, and furthermore the extent of growth inhibition observed when HELZ and PIK3C2A were depleted simultaneously did not differ from that observed when PIK3C2A was silenced alone (data not shown). These results suggest that specific downregulation of PIK3C2A, but not HELZ, is sufficient for inhibiting cell growth.
Discussion
Wnt signaling is not only essential for embryonic development and tissue homeostasis of adult tissues but has also been implicated in many cancer types, most Seed matches reported are restricted to the 7mer-m8 type.
Wnt regulation of microRNAs in colorectal cancer T Schepeler et al notably malignancies of the large intestine due to the high frequency of mutations of Wnt signaling components (Schneikert and Behrens, 2007) . So far, studies linking miRNAs to Wnt signaling in various contexts have only investigated a limited number of miRNAs because of predefined hypotheses relating to specific miRNAs (Martello et al., 2007; Kapinas et al., 2009) or a limited capacity (o100 miRNAs) of the analytical platform utilized . In this study, we explored a considerably larger repertoire of miRNAs (n ¼ 664), and found the levels of numerous miRNAs to change following dnTCF4 expression. Open questions still remain regarding the exact number and identity of miRNAs directly regulated by chromatin-interacting beta-catenin/TCF4 complexes versus miRNAs that depend on downstream effects. Because most TCF4-bound regions are located tens or even hundreds of kilobases away from annotated gene loci (Hatzis et al., 2008) , including miRNAs as we have demonstrated, it remains a challenge to characterize the function of these candidate cis-regulatory elements. Indeed, it is highly difficult to confidently assess the relationship between enhancer regions and the genes they control (Heintzman and Ren, 2009) . It is likely, however, that these issues will be resolved once the architecture of more miRNA loci gets mapped in detail and novel experimental techniques such as Chromosome Conformation Capture methodologies are utilized to determine long-range chromosomal interactions between distal cis-regulatory elements and target promoters (Fullwood et al., 2009; Heintzman and Ren, 2009 ). Regardless, it may well be expected that additional Wnt-responsive miRNAs remains to be identified because of the context-specificity of Wnt signaling and the existence of miRNAs not detected by the TaqMan Array MicroRNA Cards. Also, highly stable miRNAs will, to some extent, mask the full complement of positively regulated Wnt-responsive miRNAs in the dnTCF4 DLD1 cell model, because 0 UTR containing a validated miR-145 responsive target site was included (Ostenfeld et al., 2010) ; n ¼ 4. (d) miRNAs unrelated in sequence to miR-30e-3p do not suppress miR-30e-3p sensitive luciferase constructs; n ¼ 3. Data presented as mean ± standard deviation. *Po0.05 according to Student's t-test. miRNA levels would remain largely unchanged for a period of time even though synthesis has been completely halted. Among the dnTCF4-responsive miRNAs, we identified miR-30e-3p that belongs to the miR-30 family comprising 11 distinct mature miRNA species encoded by both arms of six unique miRNA hairpins (miRBase v15) (Griffiths-Jones et al., 2008) . miR-30e-3p shares its seed region with miR-30d-3p and miR-30a-3p, raising the possibility of some overlap in target repertoire. Our results, indicating that these miRNAs exhibit tumor suppressor activities, aligns with previous reports showing that overexpression of the miR-30e hairpin (encoding both -3p and -5p miRNA variants) reduced proliferation of breast cancer cells (Wu et al., 2009) , and likewise miR-30a-3p inhibited growth of bladder cancer cells (Ichimi et al., 2009) . Because of the pleiotropic effects of miRNAs on target genes, also evident from our proteomic and microarray results, it is possible that their biological effects are the net result of the complex modulation of numerous targets belonging to multiple pathways. Yet, specific small interfering RNA-mediated downregulation of the miR-30e-3p target PIK3C2A was sufficient to at least partially recapitulate the growth-suppressive phenotype imposed by miR-30e-3p. We do not yet know, however, if depletion of PIK3C2A is necessary for cell growth retardation by miR-30e-3p, considering that other genes from the broad miR-30e-3p target network also may affect growth. To experimentally address this issue, it will be necessary to evaluate whether a miR-30e-3p-resistant PIK3C2A construct stably expressed in DLD1 cells is able to rescue the growth-inhibitory phenotype imposed by miR-30e-3p. Most attention to PI3K signaling in CRC has been given to another PI3K variant, PIK3CA, because of its high mutation frequency also seen in other cancers, and it is worth noting that DLD1 cells (and HCT116) do in fact carry activating mutations in the PIK3CA gene (Samuels et al., 2005) . Consequently, our results imply that PI3K isoforms do not act redundantly, and CRC cells remain sensitive to repressive signals acting on PIK3C2A, in this case illustrated by miR-30e-3p. Although this is, to our knowledge, the first example of PI3K isoform levels modulated directly by miRNAs, other examples of miRNAs acting indirectly on PI3K signaling exist as seen for several miRNAs targeting the PI3K antagonist PTEN (Kato et al., 2009; Small et al., 2010) , and miR-126 targeting the PI3K subunit p85beta (Guo et al., 2008) . In summary, our results point to the notion that blockage of constitutive Wnt signaling in CRC cells lead to upregulation of several growth-suppressive miRNAs, thus paralleling the functional response observed at the mRNA level where numerous negative growth regulators (for example, FOXO3A, DAPK2, HATH1 and CDKN1A/p21) are known to be induced under similar conditions in CRC cells (van de Wetering et al., 2002; Tsuchiya et al., 2007; Dehner et al., 2008; Li et al., 2009) . Remarkably, recent studies indicate that miRNAs also shape the potency of the Wnt cascade itself by repressing key components (Nagel et al., 2008; Saydam et al., 2009) . We therefore believe that our results, in aggregate with those of others, collectively support the rationale that a full appreciation of Wnt signaling should involve the contribution of non-coding RNAs such as miRNAs. Accordingly, we encourage future studies to address the interplay between miRNAs and Wnt signaling in processes where the importance of Wnt signaling has already been established, such as crypt stem cell biology and cancer stem cells of intestinal tumors.
Materials and methods

Cell culture
Cell lines were maintained as described in Supplementary Methods. The dox-inducible dnTCF cell line models have previously been described (van de Wetering et al., 2002) and were a kind gift from Dr Hans Clevers (The Hubrecht Laboratory, Utrecht, The Netherlands). Unless stated otherwise, cell lines were obtained from American Type Culture Collection, and were authenticated by short tandem repeat analysis (Cell ID System; Promega, Madison, WI, USA) in 2010.
miRNA mimics and transfection procedures Small interfering RNAs, and synthetic miRNA mimics (Applied Biosystems, Foster City, CA, USA) designed to function as mature endogenous miRNAs, were reverse transfected into cells at varying concentrations (1-40 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as detailed in Supplementary Methods.
Cell growth assays MTT cell viability assays were performed as previously described (Schepeler et al., 2008) . For detailed time course analysis, the xCELLigence system (Roche Applied Science, Indianapolis, IN, USA) was used according to manufacturer's instructions. In this system, transfected cells are seeded in growth-compatible microplates covered by electrodes at the bottom, thus allowing for high temporal resolution readout of live cell culture proliferation and attachment characteristics.
Luciferase reporter plasmids and luciferase assays Cloned fragments were inserted into the psiCHECK2 vector (Promega), and mutated using the QuikChange Lightning SiteDirected Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to manufacturer's protocol. Cloning and mutation primers are listed in Supplementary Table S7A and S7B, respectively. Luciferase reporter assays were performed using the Dual-Glo Luciferase Reporter Assay System (Promega) as detailed in Supplementary Methods.
Clinical samples, miRNA expression profiling, ChIP and qPCR miRNA levels were analyzed in three independent clinical cohorts. Data set no. 1 (qPCR data presented in Supplementary Figure S2A ) comprised 14 adjacent normal mucosa samples, median age 67 years (range 47-78), and 46 primary TNM stage II CRCs (22 colon, 24 rectum) being microsatellite stable, median age 67 years (range 53-86). None of the patients had received preoperative chemo-and/or radiotherapy. Data set no. 2 (qPCR data presented in Figure 2a ) consisted of 30 CRCs (stage I, n ¼ 1; stage II, n ¼ 13; stage III, n ¼ 10 and stage IV, n ¼ 6) and paired normal mucosa. Data set no. 3 (qPCR data presented in Supplementary Figure S2B ) included eight adenomas and paired normal mucosa. Informed written consent was obtained from all patients according to local ethical regulations, and research protocols were approved by local ethical committees according to the Helsinki Declaration. miRNA profiles from tissue samples and CRC cell lines were generated using qPCR in 384-well format, TaqMan Human Array MicroRNA Cards (Applied Biosystems), according to the manufacturer's instructions. Relative quantification of individual miRNAs, mRNAs and ChIP-DNA regions, were performed using primer sequences and TaqMan assays listed in Supplementary Table S8 . Additional details, and a description of the ChIP procedure and antibodies, are found in Supplementary Methods.
Shotgun proteome analysis
Cell lysates were prepared from DLD1 cells transfected in triplicate with miR-30e-3p mimics or negative control duplexes (20 nM) 48 h post transfection and analyzed using shotgun liquid chromatography-tandem mass spectrometry proteome analysis on a LTQ Orbitrap XL mass spectrometer. Peptides were identified by querying the Human IPI database using the Myrimatch algorithm (see Supplementary Methods for details).
Exon Array analysis DLD1 cells were reverse transfected in triplicate with miRNA mimics at a final concentration of 20 nM using Lipofectamine 2000. Total RNA was purified 48 h post transfection using RNeasy Mini kit (Qiagen, Valencia, CA, USA). In all, 100 ng of total RNA was labeled and hybridized by Human Exon 1.0 ST Arrays (Affymetrix, Santa Clara, CA, USA) essentially as previously described (Thorsen et al., 2008) .
